Sugarcane is considered a Si-accumulating plant, but in Brazil, where several soil types are used for cultivation, there is little information about silicon (Si) fertilization. The objectives of this study were to evaluate the silicon availability, uptake and recovery index of Si from the applied silicate on tropical soils with and without silicate fertilization, in three crops. The experiments in pots (100 L) were performed with specific Si rates (0, 185, 370 and 555 kg ha -1 Si), three soils (Quartzipsamment-Q, 6 % clay; Rhodic Hapludox-RH, 22 % clay; and Rhodic Acrudox-RA, 68 % clay), with four replications. The silicon source was Ca-Mg silicate. The same Ca and Mg quantities were applied to all pots, with lime and/or MgCl 2, when necessary. Sugarcane was harvested in the plant cane and first-and second-ratoon crops. The silicon rates increased soil Si availability and Si uptake by sugarcane and had a strong residual effect. The contents of soluble Si were reduced by harvesting and increased with silicate application in the following decreasing order: Q>RH>RA. The silicate rates promoted an increase in soluble Si-acetic acid at harvest for all crops and in all soils, except RA. The amounts of Si-CaCl 2 were not influenced by silicate in the ratoon crops. The plant Si uptake increased according to the Si rates and was highest in RA at all harvests. The recovery index of applied Si (RI) of sugarcane increased over time, and was highest in RA.
RESUMO: ADUBAÇÃO SILICATADA EM SOLOS TROPICAIS: DISPONIBILIDADE DE SILÍCIO E SUA RECUPERAÇÃO PELA CANA-DE-AÇÚCAR

INTRODUCTION
Sugarcane is one of the most important crops for the Brazilian economy, with a return of about US$ 11 billion in 2008 from the sale of sugar and ethanol (CONAB, 2012) . Brazil is a major worldwide producer of sugarcane, with an output of approximately 605 million tons in the 2009/10 growing season (CONAB, 2012) . In 2008, about 1.3 million jobs were related to this crop. Particularly in the rural areas of São Paulo State, where sugarcane is grown on a large area and has a high yield, employment is also generated (CONAB, 2012) . Moreover, the crop represents a positive response to environmental concerns because sugarcane can be used to produce ethanol, which is a source of clean and renewable energy.
Sugarcane is being grown on several soil types in Brazil. Today, areas for a potential expansion of sugarcane are located in regions with highly weathered soils, characterized by low soluble silicon (Si) contents. Although Si is not an essential element, the yields of Si-accumulating plants such as sugarcane could be reduced by the typically intensive management and monoculture used in these types of soils in humid tropical areas (Korndörfer et al., 2002a) .
There is little information about Si availability to sugarcane in Brazilian soils, but results of silicon fertilization have been positive in soils (Korndörfer et al., 2002b) containing less than 6 to 8 mg kg -1 Si (extracted with 0.01 mol L -1 CaCl 2 ). In Australia, studies on Si fertilization of sugarcane (Berthelsen et al., 1998 (Berthelsen et al., , 2001 provided information for soil classification with regard to Si availability, as proposed by Berthelsen et al. (2002) . These authors classified the soils into four groups, based on the level of soluble Si extracted with CaCl 2 (0.01 mol L -1 ): very low (0-5 mg kg -1 ), low (5-10 mg kg -1 ), limited (10-20 mg kg -1 ), and sufficient (20 to >50 mg kg -1 ).
Silicate fertilization of sugarcane has been used to good effect in many countries, such as the United States, Australia, and South Africa (Ayres, 1966; Fox et al., 1967; Ross et al., 1974; Elawad et al., 1982; Berthelsen et al., 1999) . In Brazil, the application of 4 t ha -1 of sodium metasilicate resulted in an increase of 14 t ha -1 in the yield of sugarcane grown on a Quartzipsamment soil (Korndörfer et al., 2002b) . According to Silveira et al. (2003) , the addition of silicate promoted an increase of 11 t ha -1 in the sugarcane yield of plant cane grown on a Rhodic Hapludox (sandy clay loam). Brassioli et al. (2009) showed that silicate application provided the highest yield increase, more than lime in the third, fourth and fifth ratoon crops. However, only few studies have evaluated Si uptake at harvest or the recovery index of Si from the applied silicate (Khalid et al., 1978; Sousa et al., 2010) , which is important to improve the sugarcane management in terms of Si fertilization.
Considering the lack of data regarding silicon fertilization of sugarcane, especially in ratoon crops, the objectives of this study were to evaluate silicon availability, uptake and recovery index of Si from the applied silicate in three sugarcane crops in tropical soils, with and without silicate fertilization.
MATERIALS AND METHODS
The experiments were performed with sugarcane grown in pots (100 L) under field conditions in Piracicaba (22 o 42'' 30' S; 47 o 38'' 01' W), State of São Paulo, Brazil, between January 2008 and October 2010. The sugarcane cultivar IAC 87 3396 was selected due to its robust growth in many different soil types (Landell et al., 1997) .
The experiments were arranged in a completely randomized factorial design (4 x 3) with four silicon rates (0, 185, 370 and 555 kg ha -1 Si) and three soils, Quartzipsamment (Q; 6 % clay), Rhodic Hapludox (RH; 22 % clay) and a Rhodic Acrudox (RA; 68 % clay), in four replications. The soils were chemically analyzed as described by Raij et al. (1997) , and the total contents of SiO 2 , Fe 2 O 3 and Al 2 O 3 (Table 1) were determined as proposed by Vettori (1969) . The silicon sources were calcium and magnesium silicate, containing total amounts of: 10.8 g kg -1 Si, 262 g kg -1 Ca, and 56.8 g kg -1 Mg. To ensure the same Ca and Mg quantities in all pots, lime (343 g kg -1 Ca, 96 g kg -1 Mg) and/or MgCl 2 (11.9 % Mg) were also used in some treatments ( Table 2) .
Soil under native vegetation was sampled, air-dried and sieved through a 5-mm screen before being filled in 100 L pots. The pots were drilled and filled with crushed stone (10 L), which was covered with a layer of bidim geosynthetics to facilitate water drainage. Each pot was filled with 80, 96 and 112 kg of RA, RH and Q soils, respectively, equivalent to 80 L. The treatments (silicate, lime and/or MgCl 2 ) were applied to the upper 20 cm of the soil. These treatments were applied on December 02, 2007, and the pots incubated for six weeks to allow for soil chemical reactions before seedling transplantation. During this period, sugarcane seedlings were produced from single-budded setts cut from stalks from a commercial field.
On January 14, 2008, macronutrients (180 kg ha -1 P 2 O 5, 30 kg ha -1 N, and 100 kg ha -1 K 2 O) were mixed with the upper 20 cm of soil, and two sugarcane plantlets with heights between 10 and 15 cm were planted in each pot (100 L). The surface fertilization (30 kg ha -1 N, 100 kg ha -1 K 2 O) took place 30 days after planting. Micronutrients were not used because the levels in the soil were considered sufficient, according to Raij et al. (1997) . After plant cane harvest, N and K were applied to the soil surface during the first and second ratoon crops, according to Raij et al. (1997) .
The plant cane was harvested on November 26, 2008; the first ratoon on October 27, 2009; and the second ratoon crop on October 4, 2010. The aerial parts of the plants were dried, weighed, and ground. The silicon contents in the dry matter tissue of the aerial parts of the plant cane were determined according to Elliot & Snyder (1991) . The silicon uptake was determined by multiplying the Si content by the dry matter weight.
Six soil samples per pot were collected after each harvest for chemical analyses (Raij et al., 1997) . The Si soil content was evaluated by two extraction media: 0.05 mol L -1 acetic acid and 0.01 mol L -1 CaCl 2 (Korndörfer et al., 1999) .
The Si uptake by sugarcane from silicate (SiFF) was calculated using the following equation: SiFF = Si uptake -Si uptake by the control (Khalid et al., 1978; Souza et al., 2010) . The percentage of the recovery index of Si (RI) in the three soils with Si application was also calculated using RI (%) = (Si uptake by sugarcane from silicate/Si applied)*100.
Analyses of variance of the data were carried out, applying the F test. The data means were tested using the Tukey test, and regression models were used to analyze the effects of Si application rates with the Statistical Analysis System software (SAS®, USA).
RESULTS AND DISCUSSION
The pH values, the contents of phosphorus (P), calcium (Ca), potassium (K), and magnesium (Mg), and the percent base saturation (BS) were sufficient, according to Raij et al. (1997) , to ensure a good sugarcane development during the experiments (Tables 3 and 4 ). The nutrient levels (data not shown) of the diagnostic leaves collected from the top-visibledewlap for the evaluation of the nutritional status were all within the range considered sufficient by Raij et al. (1997) . On the contrary, the K contents were insufficient after the harvest of all three crops due to an increased nutrient uptake in the pre-harvest stage (data not shown).
Nutrients were applied at equal rates to all pots, varying only in the amount of applied Si. Therefore, an influence of the soil type was only detected on the values of organic matter (OM), P, K, Mg, cation exchange capacity (CEC), and BS in all three crops (Table 3) due to the specific characteristics of the soils, particularly of the texture.
The OM values were highest in the RA, followed by RH and Q (Table 4) , decreasing with increasing clay content for all three crops. This result is in agreement with the known superior capacity of RA, in which the levels of OM remain higher due to the formation of soil aggregates (Silva & Mendonça, 2007) . Similar results were obtained for Ca, Mg, and CEC (Table 4) after the harvest of all three crops. In contrast, the P levels in the plant cane, BS in the plant cane and first ratoon, and pH values in all three crops were lowest for the RA (Table 4 ). This was due to the higher buffering capacity of RA, explained by its highest clay content and the total contents of Fe and Al oxides ( Table 1 ). The reduction in pH and Ca levels over the three crops in all soils could be explained by the sugarcane uptake.
It is known that silicate is useful to correct soil acidity and supply Ca as well (Alcarde & Rodela, 2003) . Thus, the same quantities of Ca were applied to all pots (Table 2) to avoid any influence on the pH and Ca contents when different silicate rates were applied, as was observed in the plant cane and the first ratoon crops (Table 3) . However, the Si applications (x) increased pH and Ca (Table 3 , pH = 4.082 + 0.00005 x, R 2 = 0.87*, p<0.05; Ca = 7.806 + 0.0085 x, R 2 =0.90*, p<0.05) after the second ratoon harvest. Considering that only lime was used as Ca and Mg source in the control treatment (Table 2) , it is possible that the neutralizing action of lime was inferior to that of silicate because the base (CO 3 -2 ) was weaker (kb1 = 2.2 x 10 -4 ) than the silicate base (SiO 3 -2 , kb1 = 1.6 x 10 -3 ). Thus, the release of OHin the soil was slow (Alcarde & Rodella, 2003; Ramos et al., 2006) . The increase in pH observed after the second ratoon showed the capacity of silicate to correct acidity over time, which would be advantageous for this longduration crop, aside from supplying the plants with Si. Brassioli et al. (2009) found that liming increased the cane yield, similarly to silicate. However, after the third harvest, the yield increase induced by silicate was greater.
The soluble Si extracted by 0.5 mol L -1 acetic acid increased with increasing silicate rates and was different for each soil type in all three crops (Figure 1) , except for the second ratoon crop on RA (Figure 1e ). However, the soluble Si extracted by 0.01 mol L -1 CaCl 2 was influenced by silicate only in the plant-cane crop (Figure 1b) , due to the lower extractability of CaCl 2 than of acetic acid (Camargo et al., 2007b; Pereira et al., 2004) . The low pH (1.0-2.0) of the acetic acid solution can also extract non-available Si, as that provided by silicate applications (Pereira et al., 2007) .
To evaluate the Si availability of both extractants, the Si levels (x) extracted in acetic acid or CaCl 2 in all three soils were examined as a function of the Si uptake (y). The linear regression equations were significant (p<0.05, F test) for soluble Si extracted by acetic acid from soil sampled after the plant cane harvest (Quartzipsamment-Q, = 3.005 + 0.0162 x, R 2 = 0.83*, p<0.05; Rhodic Hapludox-RH, = 0.76 + 0.0761 x, R 2 = 0.83*, p<0.05; Rhodic Acrudox-RA, = 1.517 + 0.0339 x, R 2 = 0. 89*, p<0.05), the first ratoon (RH, = 4.248 + 0.659 x, R 2 = 0.87*, p<0.05; RA, = 3.451 + 0.393 x, R 2 = 0.54*, p<0.05) and the second ratoon (RH, = 4.019 + 1.076 x, R 2 = 0.84*, p<0.05) as well as for silicon extracted by CaCl 2 from plant cane (Quartzipsamment-Q, = 3.005 + 0.0162 x, R 2 = 0.83*, p<0.05; Rhodic Hapludox-RH, = 0.76 + 0.0761 x, R 2 = 0.83*, p<0.05; Rhodic Acrudox-RA, = 1.517 + 0.0339 x, R 2 = 0.89*, p<0.05), the first ratoon (RH, = 4.248 + 0.659 x, R 2 = 0. 87*, p<0.05; RA, = 3.451 + 0.393 x, R 2 = 0.54*, p<0.05) and the second ratoon (RH, = 4.019 + 1.076 x, R 2 = 0.84*, p<0.05). The determination coefficient (R 2 ) of the extractor acetic acid was the highest, resulting in a more precise determination of the Si supply in the long term, while CaCl 2 extracted lower amounts, consisting only of the readily available silicon (Berthelsen et al., 1999) .
For both extractants, the silicon content was higher in soils with higher clay content, in agreement with other studies (Raij & Camargo, 1973; Freitas et al., 1977; Meyer & Keeping, 2001; Camargo et al., 2007a) . The Q soil showed the highest increase in soluble Si concentrations, followed by RH and RA, due to the low clay contents (Figure 1 ). In addition, there was a pronounced reduction in soluble Si detected by both extractants after harvest, even in the RA (Figure 1) , which had a higher initial Si content (Table 1) . Berthelsen et al. (1999) also found a decrease in silicon levels after sugarcane cultivation. These authors reported superior Si contents in rainforest (13.1 mg kg -1 Si extracted by 0.01 mol L -1 CaCl 2 ; 28 mg kg -1 Si -0.5 mol L -1 acetic acid) compared with sugarcane (5.3 mg kg -1 extracted by 0.01 mol L -1 CaCl 2 ; 12.8 mg kg -1 Si -0.5 mol L -1 acetic acid) growing on the same soil. Although these authors suggested that Si uptake could decrease the soluble Si available in the soil over successive crops, this could also be the result of leaching and oxide sorption.
Silicon uptake by sugarcane was influenced by the treatments, but there was no interaction between the soils and silicon rates (Table 5 ). There was a linear increase in the Si uptake according to the rate of silicate application when averaged across the three soils for all three crops. The reason may be that the experiments were conducted in pots, which may have limited the root growth and improved the recovery index in successive crops. In contrast to these data, Anderson et al. (1991) observed a reduction in Si levels in soils after the harvest of successive ratoons of sugarcane under field conditions. The superior Si uptake observed in the ratoon crops can be explained by the more extensive root system than of plant cane, improving nutrient extraction.
The Si uptake was highest in RA, when averaged across Si rates in the plant cane and first ratoon crops (Table 6 ), in agreement with the highest soluble Si concentrations (Figure 1 ). However, no difference was observed between soils in the second ratoon for Si concentrations (Table 3) , due to the lower soluble Si contents than in the previous crops (Figure 1) . These results confirm that Si fertilization could be an important tool for nutrient management to supply the soil for the high demand of sugarcane of this element, as previously shown in other studies (Samuels, 1969; Ross et al., 1974; Berthelsen et al., 1999) .
The recovery index of applied silicon (RI) by plant cane was low (Table 7) , despite the high concentrations of soluble Si in both extractants (Figure 1 ). The mean RI in plant cane was 2.5, 4.5 and 5.7 % for Q, RH and RA, respectively. In the first ratoon crop, the values were 2.5, 3.7 and 6.2 %, respectively, and in the second ratoon, 10.5, 13.1 and 20.5 %, respectively. After the three sugarcane crops, the RI varied between 16.8 Table 7 . Silicon recovery from the silicate application calculated based on the Si uptake by the aerial part of sugarcane plants
Cause of variation
(1) Silicon rates (185, 370, 555 kg ha -1 Si) corresponding to 9.25; 18.50 and 27.75 g/pot; (2) SiFF (Si uptake by sugarcane from silicate) = Si uptake -Si uptake by control;
(3) RI (%) (Recovery Index) = (SiFF/Si applied)*100. and 29.3 %. This RI increase observed over the three crops could be explained by the differences in dry matter and Si uptake ( Table 6 ).
The RI of Si was the best in RA in all three crops (Table 7) , in agreement with the highest soluble Si content in the extractants (Figure 1 ) and the best Si uptake in the plant cane and the first ratoon crops ( Table 4 ). The highest clay content promoted the best reactivity of silicate, in agreement with Korndörfer et al. (1999) . Although the clay content of the soil is important for the reactivity of the applied silicate, the recovery of Si by sugarcane is also influenced by the experimental conditions. In sugarcane grown in pots (200 L) with sandy-loam soil, Sousa et al. (2010) found a Si recovery index of 56.6, 35.8 and 25.8 %, after applications of 100, 200 and 400 kg ha -1 Si, respectively. However, Khalid et al. (1978) found lower values of the recovery index of Si (10 %) after two crops (18 months) of sugarcane grown under field conditions in a clay soil with high oxide content.
Considering these results, it can be concluded that Si fertilizer can increase Si availability and uptake in sugarcane with residual effects, even in clay soils. Additionally, the Si recovery index over successive sugarcane crops is highest in clayey soils. After three sugarcane crops, the application of calcium magnesium silicate can induce an average Si uptake of 16.8 to 29.3 % in the three soils.
